ABSTRACT: We directly show how impurity atoms induce the condensation of a representative electronic phase, the charge density wave (CDW) phase, in atomic scale with scanning tunneling microscopy. Oxygen impurity atoms on the self-assembled metallic atomic wire array on a silicon crystal condense the CDW locally above the pristine transition temperature. More interestingly, the CDW along the wires is induced not by a single atomic impurity but by the cooperation of multiple impurities. Firstprinciples calculations disclose the mechanism of the cooperation as the coherent superposition of the local lattice strain induced by impurities, stressing the coupled electronic and lattice degrees of freedom for the CDW. This opens the possibility of the strain engineering over electronic phases of atomic-scale systems.
E
ffects of impurities in phase transitions are important and widely studied, which are often drastically enhanced in nanoscale systems. An impurity is generally believed to prohibit long-range orders 1 or induce the condensation of low-temperature phases below the transition temperature (T c ). 2, 3 However, the dominant majority of previous studies focused not on individual impurities but on statistical ensembles of them, and the direct atomic-scale observation of the impurity-mediated condensation of phases has rarely been reported. In electronic transitions of condensed matter systems, the impurity effect is also believed to be crucial. 4−6 At low temperature the impurity and defect distributions were found correlated with the superconducting phase inhomogeneity 4, 5 and with domain structures of charge density wave (CDW) phases. 6 These phenomena would obviously be connected to the initial condensation of electronic phases with a finite density of atomic-scale impurities, which are usually ill characterized and whose microscopic interactions with electronic phases are elusive. 4−6 Moreover, the impuritymediated condensation of these electronic phases has not been directly and clearly probed near T c .
In this study, we made important progress in addressing the impurity-induced condensation of the electronic phase especially in a quasi-one-dimensional (quasi-1D) system. We access a quasi-1D CDW transition near T c with atomic resolution for a well-characterized and controllable atomic impurity coupled actively with the CDW. We could directly observe the atomic-scale condensation of the CDW phase above T c of the clean system as induced by impurities. Moreover, the microscopic mechanism of the early condensation was transparently clarified through first-principles calculations. The CDW system we choose is a quasi-1D metallic system formed on a semiconductor surface of Si(111). 7 Indium atoms deposited at an elevated temperature self-organize into a perfectly ordered array of metallic atomic wires; two zigzag In chains form a unit wire separated by Si zigzag chains ( Figures  1b and 2a) . 8 These wires have three 1D metallic bands, which, together with a strong coupling to the lattice, drive a metal− insulator transition into a periodically distorted insulating state at 125 K. 7, 9 In this CDW phase, the dimerization along In zigzag chains and the sheer displacement between two neighboring chains result in the formation of the characteristic hexagon structure (Figures 1c and 2b) . 10 This CDW system confined within a single atomic layer on the surface has no interlayer coupling, in contrast to conventional bulk CDW materials. This makes the direct observation of the impurity effect substantially easier; the impurity can easily be introduced and exposed as adsorbates, which can be characterized fully and controlled systematically, in stark contrast to impurities in bulk systems. 11, 12 Indeed, various impurity atoms were investigated previously such as H, In, Pb, Na, and Co. 13−17 They commonly suppressed the local CDW order, 15−17 causing the inhomogeneous phase separation and lowering T c . This is consistent with the general wisdom of impurity effects 1−3 as established in various electronic crystals. 4, 5 However, they do not provide any new insight into the CDW condensation. In contrast, the CDW T c was recently reported to increase proportional to the oxygen dose. 16, 17 The pristine In wires were found to be close to the optimal doping, and the electron or hole doping by oxygen adsorbates was found to be marginal. 18 This suggests the existence of a novel local impurity−CDW interaction beyond the doping effect. 19 Figure 1a shows the In wires at 140 K, above the T c of 125 K, with a 3 langmuir dose of O 2 . The corrugationless parts of the wires with the bright contrast are in the undistorted metallic phase, as enlarged in Figure 1b . 20 The short stripes and wider patches in the dark contrast are within the CDW state, 20 as confirmed by the distinct STM images (Figure 1c ) of In hexagons. The CDW gap on these stripes and patches are confirmed as discussed below. Namely, CDW already condenses locally at 140 K above T c . There is a linear relationship between the total area of the CDW condensates and the oxygen dose ( Figure 1d ). This apparently indicates that the local CDW state is induced by oxygen impurities. The local CDW condensates exhibit only marginal fluctuations, suggesting further that they are pinned by impurities.
RESULTS AND DISCUSSION
The oxygen impurities are found as isolated dark or bright spots, as shown in Figures 1 and 3a ,b. The atomic structures of oxygen impurities were established in detail in previous works (see Supporting Information Figure S1 ). 21, 22 The dark impurity is the dominant species, called α, where the oxygen atom adsorbs on one In zigzag chain to bond with three neighboring In atoms (Figures 2c and 3a) . The minority species appearing as a bright spot results from an activated process of the oxygen incorporation below the In layer ( Figure 3b and Supporting Information Figure S1 ). 21 To our surprise, these isolated impurities and the isolated vacancy defects (see Supporting Information Figure S2 ) do not induce CDW condensates, but the ×2 lattice distortion appears with a decaying amplitude from them. 21 These distortions are distinct from the CDW hexagon in topography (Figure 3d−f) and not insulating at all in spectroscopy (right panel of Figure 3h ). Note that there can in principle be various different ×2 lattice distortions since the present In wire system has four In atomic chains within a single wire. In stark contrast, in between two adjacent α impurities, the CDW hexagons are formed (Figure 3d−f) with a clear energy gap (left panel of Figure 3h ). We checked every isolated CDW stripe and found that the α impurity and another type of defect of the pristine surface (see Figure 4c and Supporting Information Figure S2 ) 23 couple with the CDW. When two of them are within a distance of about 20 unit cells or shorter, they form CDW stripes (see Supporting Information Figure S3 ).
Beyond single wires, small CDW patches can be formed as seeded by a CDW stripe and other α impurities in a neighboring wire as shown in Figure 4a . This can be extended to wider CDW patches across a few wires with several α Figure 1b (Figure 1c ). X marked 1 and 2 in (b) are two different adsorption sites of the α impurity structure on the hexagonal structure, where on site 1 (2) the hexagonal structure is kept (inverted to the chain structure). (c) Calculated structure of an In atomic wire with two α impurities an odd multiple of a 0 apart (5a 0 ) which exhibits only the minor local distortion. The calculated structures with two impurities are even a multiple of a 0 apart [4a 0 , (d) and (e)], which yield the hexagon CDW structure between impurities.
impurities clustered (Figure 4b ). For a larger patch, a CDW stripe (boxed in Figure 4c ) can be induced on a wire without an impurity when sandwiched between two CDW stripes bounded by impurities. These few cases can explain most of the impurity−CDW configurations (see Supporting Information Figure S4 ). That is, there exist only two apparent interactions to condense a CDW, the cooperation of two neighboring impurities within a single wire and the interwire coupling with neighboring CDW stripes. While the interwire interaction of the CDW in the quasi-1D systems is obviously expected and apparent in the 2D ordering below T c , 6 the microscopic mechanism underlying the cooperation of two impurities remains to be clarified.
In order to clarify this microscopic mechanism, we performed first-principles calculations with single (Figure 2a and b) and double (Figure 2c−e) impurities. As reported previously, isolated oxygen impurities induce the local ×2 lattice distortions but not the CDW hexagons. 21 These local lattice distortions do not open a band gap as observed in the experiment (see Figure 3g for example). In clear contrast, two adjacent impurities can induce CDW hexagons depending on their distance. When two impurities have a distance of an even multiple of a 0 (Figure 2d , a 0 is a Si lattice constant, 0.384 nm), being commensurate with the CDW periodicity, hexagons are readily formed, but not in the other case of an odd multiple of a 0 (Figure 2c ), being incommensurate with a CDW. In the former case, the lattice distortions of the neighboring oxygen impurities coherently overlap to make the hexagon formation energy lower. This is due to the fact that the CDW hexagon is based on the dimerization of In atoms of the outer In chains (In atoms bonded with Si zigzag chains), 9 ,10 and the oxygen adsorbate helps this dimerization by pulling two neighboring In atoms closer. The formation energy of hexagons is lowered by two cooperating oxygen atoms that are an even multiple of a 0 apart (8 and 30 meV, respectively, for the configurations in Figure 2d and e). In contrast, In hexagons are not even metastable when bracketed between O atoms that are an odd multiple of a 0 apart; the lattice distortions by two impurities (Figure 2c ) lead to only small modulations, in contrast to the hexagon structure. This is clearly observed in the experiment with the very clear distinction between the impurity pairs of odd and even multiples of a 0 apart (Figure 3c and f,  respectively) . The coupling mechanism of the oxygen impurity with the CDW is simply based on the proper bond length modification due to the impurity and the coherent superposition of the strain field imposed by multiple impurities. In the present case, a strain effect is very natural, since the CDW is based on the electron−lattice interaction.
CONCLUSION
To the best of our knowledge, there had been no previous work to address directly the atomic-scale condensation process of electronic crystals such as CDWs and superconductivity 4,5 by impurities. Most of the previous works for CDWs investigated the relationship of impurities and defects with the frozen CDW domains well below transition temperatures. Recently, the defect-induced CDW condensation was observed for a 2D CDW material of 2H-NbSe 2 . 24 However, in this case, the local electronic transition was not identified and the microscopic mechanism of the condensation is not disclosed. A similar study was reported for the phase transition on a Sn/Ge(111) surface, 25 which was, however, shown to be a simple structural order−disorder transition without a metal−insulator transition in later studies. 26 While the impurity interaction with the conventional superconductors, suppressing the superconductivity for magnetic impurities, is well understood, 27,28 the case for high-temperature superconductivity 27, 28 is elusive. 5 In these materials, the superconductivity is even entangled with the CDW order, which in turn is closely coupled to impurities. 29 Thus, further studies are required to understand the interplay of impurities, the CDW, and unconventional superconductivity. Therefore, the present case of the enhanced electronic order by atomic-scale impurities and the transparent microscopic mechanism is unique. The importance of the local strain field, as revealed here, was recently recognized also for twodimensional electronic systems of CDW of 2H-NbSe 2 , 30 graphene, 31 and surface states of topological insulators. 32 In those cases, however, the sources of local strains are ill defined and could not be controlled. In contrast, the present work with adsorbates provides controllability and, thus, takes steps forward to the atomic-scale strain engineering of important electronic phases.
METHODS
Sample Preparation. The sample was prepared in ultra-highvacuum conditions (UHV, the base pressure is 1.0 × 10 −10 Torr). The clean Si(111)7×7 substrate was prepared by cycles of annealing and flashing up to 1500 K of the n-doped Si(111) wafer. The array of In atomic wires was prepared by depositing one monolayer of In onto a Si(111)7×7 surface kept at 570 K. 7 Oxygen molecules were dosed onto the In atomic wire array at room temperature by backfilling the chamber through a precision leak valve. The O 2 dose is expressed in langmuirs (1 L = 1.0 × 10 −6 Torr s). STM and STS Measurements. STM and STS measurements were performed using a commercial cryogenic UHV STM system (Unisoku) at 140 K and a base pressure 5.0 × 10 −11 Torr. The electrochemically etched tungsten tips were cleaned by e-beam heating in the UHV chamber. The STM topography was measured in a constant-current mode, and the STS and the dI/dV signals were obtained by a standard lock-in technique with a modulation of frequency f = 1 kHz and amplitude of 30 mV rms .
DFT Calculations. Density functional theory calculations were performed using the local density approximation (LDA) as implemented in the Vienna ab Initio Simulation Package (VASP). In the LDA calculations, indium 4d electrons were treated as core electrons. The surface was modeled using three Si bilayers within a 12 × 8 lateral unit cell. The Brillouin zone integration was obtained using a k-point sampling equivalent to 256 points within a 1 × 1 unit cell.
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